GD. Glial TLR4 signaling does not contribute to opioid-induced depression of respiration. J Appl Physiol 117: 857-868, 2014. First published August 7, 2014 doi:10.1152/japplphysiol.00534.2014.-Opioids activate glia in the central nervous system in part by activating the toll-like receptor 4 (TLR4)/myeloid differentiation 2 (MD2) complex. TLR4/MD2-mediated activation of glia by opioids compromises their analgesic actions. Glial activation is also hypothesized as pivotal in opioidmediated reward and tolerance and as a contributor to opioid-mediated respiratory depression. We tested the contribution of TLR4 to opioid-induced respiratory depression using rhythmically active medullary slices that contain the pre-Bötzinger Complex (preBötC, an important site of respiratory rhythm generation) and adult rats in vivo. Injection with DAMGO (-opioid receptor agonist; 50 M) or bath application of DAMGO (500 nM) or fentanyl (1 M) slowed frequency recorded from XII nerves to 40%, 40%, or 50% of control, respectively. This DAMGO-mediated frequency inhibition was unaffected by preapplication of lipopolysaccharides from Rhodobacter sphaeroides (a TLR4 antagonist, 2,000 ng/ml) or (ϩ)naloxone (1-10 M, a TLR4-antagonist). Bath application of (Ϫ)naloxone (500 nM; a TLR4 and -opioid antagonist), however, rapidly reversed the opioidmediated frequency decrease. We also compared the opioid-induced respiratory depression in slices in vitro in the absence and presence of bath-applied minocycline (an inhibitor of microglial activation) and in slices prepared from mice injected (ip) 18 h earlier with minocycline or saline. Minocycline had no effect on respiratory depression in vitro. Finally, the respiratory depression evoked in anesthetized rats by tail vein infusion of fentanyl was unaffected by subsequent injection of (ϩ)naloxone, but completely reversed by (Ϫ)naloxone. These data indicate that neither activation of microglia in preBötC nor TLR4/MD2-activation contribute to opioid-induced respiratory depression.
ing (18) ; it contributes significantly to the challenge of providing adequate pain control in the pediatric population (22, 78) . Opioid-induced respiratory depression is counteracted clinically with opioid receptor antagonists [e.g. (Ϫ)naloxone], but this also counteracts analgesia. Thus there is a need for pharmacological approaches to alleviate opioid-induced respiratory depression without loss of analgesia (18, 58, 62, 63) . Greater understanding of the mechanisms by which opioids depress breathing would greatly facilitate the development of such approaches. Respiratory depression is primarily dependent on activation of -opioid receptors (64) , however, the location, cell type, and cellular mechanism(s) are incompletely defined. The direct actions of opioids on -opioid receptors expressed by respiratory neurons in a brainstem region critical for generating inspiratory rhythm, the pre-Bötzinger Complex (preBötC) (3, 16, 51) , are considered a major contributor to this respiratory depression. However, recent data indicate that in addition to their action on classical opioid receptors, opioids also act by binding to and activating the toll-like receptor 4 (TLR4)/myeloid differentiation 2 (MD2) complex (25) , which is expressed almost exclusively on glia (microglia and astrocytes) (82) .
TLR4 is an innate, immune-pattern-recognition receptor that is activated by endogenous danger signals and opioids, leading to activation of microglia that then induce activation of astrocytes (82) . Activated glia release a variety of compounds including proinflammatory cytokines [i.e., tumor necrosis factor-␣ (TNF-␣), interleukin-1␤ (IL-1␤), and other immune mediators [i.e., brain-derived neurotrophic factor (BDNF), prostaglandin E 2 , and nitric oxide] that in turn influence neuronal excitability and plasticity in a variety of neural networks including hippocampus (12) , spinal cord (11, 33, 39, 42, 87, 88) , dorsal horn (8) , and ventromedial medulla (83) , by regulating gene transcription and translation. In addition, recent studies demonstrating TLR involvement in neurogenesis, and learning and memory in the absence of underlying infectious etiology suggest that TLR signaling can rapidly influence network activity independent of major inflammatory processes (21) .
The net effect of opioids on CNS function therefore reflects the activation of classical neuronal opioid receptors and TLR4 (and perhaps other TLRs) on glia. Accumulating evidence suggests that opioid-induced TLR4-mediated glial activation actually opposes opioid analgesia and contributes to many of the negative side effects of opioids such as tolerance, dependence, and reward (82) ; involvement in opioid hyperalgesia controversial (13) . Most relevant to this study is the demonstration in rats in vivo that the microglia attenuator, minocycline, reduces the opioid-induced depression of breathing (23) . If glia and TLR4 signaling contribute to the respiratory depressant actions of opioids, stereoselective antagonism of opioid activation of TLR4 with (ϩ)naloxone (which blocks TLR4 but not opioid receptors) could provide a pharmacological means of reducing the respiratory depressant actions of opioids without altering analgesia.
The objectives of this study were therefore to determine the contribution of glia or TLR4 signaling to the opioid-mediated depression of central respiratory networks and whether acute TLR4 activation can modulate respiratory network activity. We examined the effects on the opioid-induced respiratory depression of LPS-RS (lipopolysaccharides from Rhodobacter sphaeroides) (a TLR4 antagonist), (Ϫ)naloxone (an opioid receptor antagonist that blocks opioid receptors and TLR4), (ϩ)naloxone (which blocks TLR4 but not opioid receptors), and minocycline (an agent that inhibits proinflammatory microglial activation). This was performed both in vitro using rhythmically active medullary slices in which opioid actions were limited to the slice or just the preBötC, and in vivo to reproduce the clinically relevant setting in which opioids can act throughout the CNS to depress breathing.
METHODS
All experiments were conducted in accordance with the guidelines of the Canadian Council on Animal Care and were approved by the University of Alberta Animal Ethics Committee.
Rhythmic Medullary Slices
Medullary slices that generate rhythmic inspiratory-related activity were prepared with methods similar to those described previously (44, 66, 69) . Briefly, neonatal Sprague-Dawley rats of either sex [postnatal day 0 -4 (P0 -P4)] were anesthetized through inhalation of isoflurane and decerebrated. The brainstem-spinal cord was then isolated in cold artificial cerebral spinal fluid (aCSF) containing the following (in mM): 120 NaCl, 3 KCl, 1.0 CaCl 2, 2.0 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, and 20 D-glucose, equilibrated with 95% O2/5% CO2. The brainstem-spinal cord was pinned to a wax chuck, and serial sections (100 -200 m) were cut in the rostral-to-caudal direction using a vibratome (VT1000S; Leica, Nussloch, Germany) and transilluminated to identify anatomical landmarks as described elsewhere. Structure of the subnuclei of the inferior olive was particularly useful in defining this boundary (66) . One rhythmic, transverse, 700-m-thick medullary slice was cut with the preBötC at the rostral surface of the slice, ϳ0.35 mm caudal to the caudal aspect of the facial nucleus (44, 66, 69) . Slices were pinned with the rostral surface up on Sylgard resin in a recording chamber (volume 5 ml) and perfused with aCSF that was recirculated at a flow rate of 15 ml/min. The concentration of K ϩ in the aCSF ([K ϩ ]e) was raised from 3 to 9 mM at least 30 min before the start of data collection. Slices generate rhythmic inspiratory-related activity at 3 mM [K ϩ ]e that lasts 1-2 h (66). The majority of protocols in this study involved multiple interventions, and therefore required slices that produced stable inspiratory-related rhythm for extended periods (i.e., Ͼ5 h). Therefore, the [K ϩ ]e was raised from 3 to 9 mM to produce prolonged, stable rhythm (66) .
Electrophysiological Recordings
Inspiratory activity was recorded using glass suction electrodes (A-M Systems, Carlsborg, WA) from cut ends of XII (hypoglossal) nerve rootlets and directly from the ventrolateral surface of the slice. Surface recordings were made to guide drug injections into the preBötC (75) . Signals were amplified, bandpass-filtered (100 Hz to 3 kHz), full-wave rectified, integrated using a leaky integrator ( ϭ 25 or 50 ms), and displayed using Axoscope 9.2 (Molecular Devices, Union City, CA). Data were saved to a computer using a Digidata 1322 A/D board and AxoScope 9.2 software (Molecular Devices) for off-line analysis. All recordings were conducted at room temperature (22-24°C).
Drugs and Their Application
Lipopolysaccharides (LPS) from Escherichia coli (LPS, serotype 0111:B4; a TLR4 agonist, 200 ng/ml microinjected in vitro) and minocycline (an inhibitor of microglia activation, 0.5 M bath application or 45 mg/kg ip) were obtained from Sigma-Aldrich (Oakville, ON, Canada). LPS from Rhodobacter sphaeroides (LPS-RS; a TLR4 antagonist, 2,000 ng/ml microinjected in vitro) was obtained from InvivoGen (San Diego, CA). Fentanyl citrate (an opioid agonist, 1 M bath-applied or 40 g/kg iv) was obtained from Sandoz (Boucherville, QC, Canada). (ϩ)Naloxone (a TLR4 antagonist, 10 M bath, 3-60 mg/kg iv) was a kind gift of K.C. Rice (National Institute on Drug Abuse and National Institute on Alcohol Abuse and Alcoholism, Rockville, MD). Under in vivo conditions, (ϩ)naloxone was used first at a concentration similar (5-fold higher) to that at which (Ϫ)naloxone is effective in antagonizing opioid actions. When this concentration was ineffective, the concentration was increased 10-fold to 30 mg/kg iv (n ϭ 4), and finally to 60 mg/kg iv (n ϭ 1) to ensure the lack of antagonism was not due to insufficient concentration. Drugs were prepared as stock solutions in aCSF and frozen in aliquots. Exceptions were (ϩ)naloxone and (Ϫ)naloxone, which were made fresh the day of the experiment. The final concentration of K ϩ in the drug solutions was matched to that of the aCSF. In slice preparations, drugs were unilaterally applied locally to the preBötC via triple-barreled pipettes (5-6 m outer diameter per barrel) pulled from borosilicate glass capillaries (World Precision Instruments, Sarasota, FL). Care was taken to ensure that the outer tip diameter was within this range because fluorescent imaging (40ϫ objective) of Lucifer yellow-filled triple-barreled pipettes established that pipettes in this range do not leak, but they do leak if the tip diameter exceeds 6.5 m. Drug microinjections were controlled by a programmable stimulator (Master-8; A.M.P.I. Instruments, Jerusalem, Israel) connected to a picospritzer (ϳ18 psi, Spritzer4 Pressure Micro-Injector; Bioscience Tools, San Diego, CA). Consecutive agonist applications were separated by a minimum of 15 min. We did not systematically assess whether this was the minimum time interval required for consistent responses, but it was sufficient for reproducible responses. The concentrations of drugs used in the present study should not be directly compared with those in experiments in which similar agents are applied in the bath or directly to isolated cells. The concentration of drug decreases exponentially with distance from the pipette tip, and previous experiments with this preparation have established that drug concentration in the pipette must be approximately 10-fold greater than the bath-applied concentration to produce similar effects (40) . The drug injection site was established as described previously (28, 29, 44) . Briefly, we first used the location of the ventral respiratory column surface suction electrode as an approximate reference in the transverse plane to the region of most intense respiratory-related activity. The response to SP (1 M, 10 s) at this site was recorded. The drug pipette was then systematically moved in the dorsoventral and mediolateral directions until SP evoked a frequency increase that occurred within the first breath following drug onset and was at least 2-fold greater than baseline. On the basis of these criteria and the established sensitivity of preBötC networks to SP (16, 28 -30, 44) we are confident that positive injections sites were in the preBötC. Once the preBötC was located, LPS, LPS-RS, or DAMGO was microinjected into the same site. All drug injection protocols included control injections of aCSF. These were always without effect.
Minocycline treatment. In one experimental series, DAMGO (50 M, 10 s) was locally applied into the preBötC. After recovery, minocycline was bath-applied at 0.5 M for 40 min when a second identical DAMGO application was made (57, 79) . Due to the potential for time-dependent changes in DAMGO responses evoked at a 40-min interval, minocycline data were compared with time control experiments in which slices were bathed only in aCSF and DAMGO was locally applied into the preBötC twice at a 40-min interval. In a second series, neonates were injected with minocycline (45 mg/kg ip) or saline 18 h, and again 1 h prior to the isolation of the rhythmic medullary slice (59, 76, 86) .
Plethysmographic recording methods. Measurements were made from adult male Sprague-Dawley rats (300 -370 g). Rats were anesthetized with isoflurane (3%) in an induction chamber and maintained under isoflurane (2%) anesthesia during tail vein cannulation (P10 size tubing) for iv infusion of drugs. Anesthesia was then removed and animals were placed within a whole-body, Plexiglas plethysmograph (2,000 ml volume) modified to allow exteriorization of the tail. This allowed iv infusion of drugs via the tail vein (KD Scientific infusion pump; Hollistan MA) without disturbing the animal. The plethysmograph had inflow and outflow ports for continuous delivery of a steady flow of fresh air and removal of expired carbon dioxide. Pressure changes were recorded with a pressure transducer (DP 103; Validyne, Northridge, CA), signal conditioner (CD-15; Validyne), analog-digital board (Digidata 1322), and Axoscope software (Molecular Devices, Sunnyvale, CA). The chamber was then flushed with room air to remove any residual isoflurane, 3 min of baseline ventilation data were recorded, and fentanyl infusion was initiated. Fentanyl infusion started at least 5 min after removal of isoflurane, so all measurements were on unanesthetized animals. It should be noted that our plethysmograph is effective for studying respiratory frequency (f R). It is not designed for precise quantification of tidal volume (VT, ml/g). The physical principle underlying whole-body plethysmography with this system is the detection of pressure changes in the chamber resulting from the heating and humidification of inspired gas. However, VT measurements may also be influenced by gas compression effects related to the airway resistance. Because of these limitations, our whole-body plethysmographic system provides only semiquantitative measurements of VT, which we report as changes relative to the baseline.
Data Analysis
For in vitro experiments, the effects of a drug on frequency of integrated inspiratory bursts recorded via suction electrodes from XII nerve roots were assessed off line using pClamp 9.2 (Clampfit) and Microsoft Excel software. Values of frequency during the drug were compared with the average value during the 2-min control period that immediately preceded drug application. The maximum effect of a drug on frequency was determined as the maximum (or minimum) value measured in the moving average of inspiratory frequency (calculation based on the average of three consecutive events) during the first minute after injection. The time course of the response was obtained by averaging data points in 30-s bins for the control period immediately before drug application, in 30-s bins for the first 2 min after the onset of drug application (5 min for minocycline treatment), and in 1-min bins for the remainder of the trial. Parameters are reported relative to control (predrug) levels, as means Ϯ SE. Maximum effects of a drug correspond to greatest (or lowest) values of frequency obtained from the moving average of instantaneous frequency during the first 3 min following the start of opioid administration.
For in vivo experiments, inspiratory frequency was calculated from the airflow trace. Relative inspiratory VT, reported relative to baseline levels, was calculated from the area under the airflow curve. Relative changes in minute ventilation were calculated from the product of the relative frequency and V T data.
Unless otherwise stated, statistical comparison of means for in vitro and in vivo data was performed on raw data using GraphPad Prism version 4 (GraphPad Software, La Jolla, CA). Statistical comparison of relative data was performed only after verification of normality. Values are reported as means Ϯ SE. Differences between means were identified using a one-way or two-way ANOVA with Bonferroni correction for multiple comparisons or a Student's t-test (for unpaired data). Values of P Ͻ 0.05 were assumed significant.
RESULTS

TLR Antagonism Does Not Affect DAMGO-Mediated Respiratory Inhibition In Vitro
Sites that underlie the depressant actions of opioids on respiratory rhythm are not fully known, but recent data implicate the preBötC as a key site of action (50) . To test whether opioid activation of TLR4-mediated signaling, which primarily occurs in microglia (25, 31, 70) , contributes to the opioidinduced respiratory depression in the preBötC, we compared the effects on frequency of locally applying the -opioid agonist DAMGO (50 M, 10 s) into the preBötC before and immediately after local preapplication of the TLR4 antagonist LPS-RS (2,000 ng/ml; 90 s). The injection site for DAMGO within the preBötC was established using the previously developed SP mapping protocol (28, 29, 44) . It is based primarily on the functional criterion that in the rhythmic slice, SP evokes its maximum effect on frequency when it activates NK1R in the preBötC (16, 30) . When SP (1 M, 10 s) was injected into the site of maximum sensitivity (i.e., the preBötC), it produced a rapid-onset, 2.80 Ϯ 0.58-fold increase in burst frequency that peaked within 10 s of SP application and remained significantly greater than baseline frequency until 90 s after drug onset (n ϭ 5, data not shown). As observed previously (3, 16, 44, 45, 65, 73) , when applied alone, DAMGO produced a significant reduction in frequency that reached a nadir at 0.32 Ϯ 0.12 of control baseline frequency ϳ1 min after drug onset ( Fig. 1A ; n ϭ 5; two-way ANOVA, time factor, P Ͻ 0.0001). Preapplication of LPS-RS had no significant effect on the DAMGO-induced decrease in frequency (Fig. 1 , B and C; n ϭ 5; two-way ANOVA, LPS-RS factor, P ϭ 0.109; also no significant interaction between factors time and LPS-RS, P ϭ 0.578). After LPS-RS, DAMGO depressed frequency to a nadir that was 0.65 Ϯ 0.09 of the control value. The DAMGOevoked inhibition of frequency was repeatable after a 15-min washout period when frequency fell to 0.49 Ϯ 0.17 of control.
We next tested the efficacy of two naloxone isomers in antagonizing the opioid-induced respiratory depression. (Ϫ)Naloxone is used commonly in clinical situations to counteract the actions of opioids. It is a nonselective antagonist that acts at both -opioid receptors and TLR4. Thus antagonism by (Ϫ)naloxone could reflect actions of the opioid agonist at either opioid receptors or TLR4. (ϩ)Naloxone, on the other hand binds to TLR4 rather than -opioid receptors, and is useful in discriminating between the actions of opioids at the two types of receptors. We applied the -opioid receptor agonists DAMGO (0.5 M; n ϭ 7; Fig. 2, A and C) or fentanyl (1 M; n ϭ 5; Fig. 2, B and D) to the aCSF perfusing rhythmically active medullary slice preparations and tested the effects of bath-applying first (ϩ)naloxone and then (Ϫ)naloxone on the respiratory depression. DAMGO (P Ͻ 0.0001) and fentanyl (P ϭ 0.025) significantly reduced frequency to 0.32 Ϯ 0.04 (Fig.  2C) or 0.68 Ϯ 0.06 (Fig. 2D ) of control, respectively (one-way ANOVA, multiple comparison test with Bonferroni correction). Following bath application of the TLR-selective antagonist, (ϩ)naloxone (10 M), the frequency in DAMGO was 0.55 Ϯ 0.04 of control (Fig. 2C) , whereas that in fentanyl was 0.48 Ϯ 0.10 of control [ Fig. 2D; i.e., (ϩ)naloxone had no significant effect on the respiratory depression evoked by DAMGO (P ϭ 0.17) or fentanyl (P ϭ 0.26, one-way ANOVA, multiple comparison test with Bonferroni correction)]. In contrast, subsequent addition of (Ϫ)naloxone (0.5 M) to the bath rapidly (within 5 min) and completely reversed the respiratory depression in vitro. Inspiratory frequency increased significantly from opioid levels, returning to 1.11 Ϯ 0.16 or 1.33 Ϯ 0.07 of control in slices with DAMGO (P Ͻ 0.0001; Fig. 2 , A and C) and fentanyl (Fig. 2, B and D) , respectively (P Ͻ 0.0001, one-way ANOVA, multiple comparison test with Bonferroni correction).
Effects of LPS on preBötC Rhythm
Although TLR4 activation does not appear to contribute to the opioid-induced depression of inspiratory rhythm in the rhythmic slice, this does not exclude the possibility that acute activation of TLR is capable of influencing inspiratory rhythmgenerating networks. The hypothesis that glia and TLR4 signaling contribute to the respiratory depressant actions of opioids (23) requires a mechanism of action that can occur within minutes. To test whether TLR activation can directly modulate the activity of preBötC rhythm-generating networks on this type of time scale, we locally applied LPS to the preBötC of rhythmically active medullary slices. The injection site for LPS within the preBötC was established using the SP mapping protocol described above (28, 29, 44) . In these experiments, when SP (1 M, 10 s) was injected into the preBötC, it produced a rapid-onset, 2.07 Ϯ 0.14-fold increase in burst frequency that peaked within 10 s of SP application and remained significantly greater than baseline frequency until 90 s after drug onset ( Fig. 3A ; n ϭ 4; P Ͻ 0.0001, one-way ANOVA, multiple comparison test with Bonferroni correction). Local injection of LPS (200 ng/ml, 10 s) into the same site had no significant effect on inspiratory-related frequency, as shown for a representative slice (Fig. 3B ) and group data ( Fig. 3C ; n ϭ 4; P ϭ 0.29, one-way ANOVA, multiple comparison test with Bonferroni correction).
Microglia and Opioid-Induced Respiratory Depression
The previous experiments exclude involvement of TLRmediated signaling in the opioid-induced respiratory depression and demonstrate that preBötC networks are insensitive to acute TLR activation. Microglia, however, may still play a role, as suggested by the demonstration that ip injection of minocycline attenuates a weak opioid-mediated respiratory depression in adult rats in vivo (23) . To test the contribution of microglia in the opioid-mediated respiratory depression, we compared the effects on inspiratory frequency of locally applying DAMGO into the preBötC in the absence and presence of bath-applied minocycline in rhythmically active medullary slices of Sprague-Dawley rats. The injection site for DAMGO within the preBötC was established using the SP mapping protocol in which SP (1 M, 10 s) produced a rapid-onset, 2.65 Ϯ 0.29-fold increase in burst frequency (n ϭ 6). Local injection of DAMGO (50 M, 10 s; n ϭ 6) into the same site depressed inspiratory burst frequency to 0.52 Ϯ 0.06 of control. Following 40 min of incubation in minocycline, DAMGO was reapplied into the same site where it similarly reduced frequency to 0.52 Ϯ 0.06 of control. Time control data using different slices (n ϭ 6) showed that in naïve slices treated exactly the same way, application of DAMGO into the SPidentified preBötC (2.30 Ϯ 0.22-fold increase) reduced inspiratory burst frequency to 0.47 Ϯ 0.06 of control on the first application and 0.43 Ϯ 0.06 of control on the second application 40 min later. Statistically, to take into consideration any time-dependent changes in consecutive DAMGO responses, we compared the DAMGO response in minocycline (which was the second DAMGO application in the minocycline group) with the second DAMGO response in the time control group. Data indicate that although DAMGO caused a significant depression in both groups ( Fig. 4A ; two-way ANOVA; n ϭ 6; time factor P Ͻ 0.0001), minocycline had no significant effect on the DAMGO-induced frequency depression ( Fig. 4A ; n ϭ 6; two-way ANOVA, minocycline factor, P ϭ 0.69; also, no significant interaction between factors, minocycline, and time, P ϭ 0.071, indicating that the time course of the DAMGO response was the same in untreated time-control slices and minocycline-treated slices).
Due to uncertainties about the time required for minocycline to inhibit microglial activation under in vitro conditions and its efficacy in arresting an activation process that may be initiated during the slicing process (82), we performed a second series of experiments in which minocycline was applied via ip injection (45 mg/kg; n ϭ 9) to neonatal rats 18 h and again 1 h prior to the generation of rhythmic medullary slices. We compared the frequency response to locally applied DAMGO (50 M, 10 s) into the preBötC of slices from control animals (different group from that depicted in Fig. 4A ) and minocycline-pretreated animals (different control and minocycline groups). In these experiments, SP evoked a 2.23 Ϯ 0.05 (n ϭ 10) and 2.51 Ϯ 0.16 (n ϭ 9) increase in control and minocyclinetreated slices, respectively (Fig. 4C) . The time course (Fig. 4B ) of the effects of DAMGO on inspiratory frequency is shown for the two groups. DAMGO reduced frequency significantly in both groups to 0.49 Ϯ 0.05 and 0.47 Ϯ 0.03 in control (n ϭ 10) and minocycline-treated slices (n ϭ 9), respectively (twoway ANOVA, time factor, P Ͻ 0.0001). However, the time course of the DAMGO inhibition was not affected by minocycline (two-way ANOVA, minocycline factor, P ϭ 0.2554; ( -) N a l o x o n e F e n t a n y l F e n t a n y l ( + ) N a l o x o n e F e n t a n y l there was no significant interaction between factors, minocycline ip and time, P ϭ 0.187, indicating that the time course of the DAMGO response was the same in untreated control slices and slices pretreated with minocycline). Peak and minimum frequencies evoked by SP and DAMGO, respectively, in control conditions, in bath-applied minocycline and ip-injected minocycline are shown relative to baseline (of 1.0) in Fig. 4C . Peak and nadir were calculated from the maximum or minimum values recorded from a moving average of three consecutive bursts during the first 3 min after DAMGO application. SP and DAMGO produced significant increases and decreases in frequency, respectively. Minocycline, however, had no effect on the DAMGO response whether bathapplied (P ϭ 0.
2124, t-test) or injected ip (P ϭ 0.754, t-test). (ϩ)Naloxone Has No Effect On the Opioid-Evoked Depression of Frequency In Vivo
The previous data suggest that TLR4 signaling does not play a role in the opioid-mediated depression of breathing. However, because all data are based on responses to local injection of opioid agonists into the preBötC or bath application to the medullary slice, it remains possible that glia or TLR4 signaling contributes to the opioid-induced respiratory depression through a region that is either outside the preBötC or not contained in the rhythmic slice. Certainly, under clinical conditions opioids are administered iv or orally where they can act throughout the CNS. In addition, because the in vitro experiments are performed on neonatal networks, it is possible that TLR4 glial signaling has not matured to the point at which it can influence respiratory activity. Therefore, as a final test of the hypothesis that TLR4 signaling contributes to the opioidmediated depression of respiration, we compared the ability of (ϩ)naloxone and (Ϫ)naloxone to reverse the respiratory depression produced by tail vein administration of fentanyl (40 g/kg delivered over a 20-min period) to adult rats in vivo. The effects of fentanyl reached a stable level after ϳ8 min of infusion and remained stable throughout the infusion. Fentanyl markedly suppressed respiratory frequency (to 0.53 Ϯ 0.09 of control) and V T (to 0.42 Ϯ 0.08 of control). Intravenous administration of (ϩ)naloxone (3 mg/kg, n ϭ 1; 30 mg/kg, n ϭ 4; 60 mg/kg, n ϭ 1) began 10 min after onset of fentanyl administration. Ventilation was monitored for 8 min following the onset of (ϩ)naloxone; it had no effect on the fentanylinduced respiratory depression (Fig. 5, A and B) . Respiratory frequency and V T remained at 0.55 Ϯ 0.12 (P ϭ 0.99) and 0.45 Ϯ 0.10 (P ϭ 0.97, one-way ANOVA, Tukey's multiple comparison test) of control, respectively. In contrast, ventilation began to recover within 30 s of beginning iv administration of (Ϫ)naloxone (0.6 mg/kg; n ϭ 6). Respiratory frequency and V T increased significantly to 1.05 Ϯ 0.07 (P Ͻ 0.001) and 0.94 Ϯ 0.06 (P Ͻ 0.001, one-way ANOVA, Tukey's multiple comparison test) of baseline (prefentanyl) levels within minutes.
DISCUSSION
A growing body of evidence suggests that glial activation via TLR4 opposes opioid analgesia and may contribute to many of the negative side effects of opioids (23, 25, 26, 31, 82) . Respiratory depression, arguably the most serious of side effects due to its associated mortality, may also have a TLR4-mediated glial component because the microglial inhibitor, minocycline, attenuates the opioid-induced depression of breathing (23) . Understanding the mechanisms underlying opioid-induced respiratory depression is essential for developing approaches to minimize the respiratory depression while maintaining opioid-mediated analgesia. We therefore tested whether a nonneuronal, nonopioid receptor-based mechanism contributes to opioid-induced respiratory depression by asking whether inhibition of TLR4 or microglial activation can reduce the respiratory depression and whether activation of TLR4 can change breathing on a time scale consistent with the opioidmediated depression of breathing. Data from analysis of in vitro respiratory networks revealed that the inspiratory inhibition evoked by application of opioids (DAMGO and fentanyl) directly into the critical site of inspiratory rhythm generation, the preBötC, was unaffected by block of TLR4 [with LPS-RS or (ϩ)naloxone], specifically within the preBötC or throughout the slice. In contrast, the opioid inhibition was completely reversed by (Ϫ)naloxone (which antagonizes both -opioid receptors and TLR4). Inhibition of microglial activation with minocycline also had no effect on the opioid-induced respiratory depression in vitro. Moreover, when fentanyl was administered iv to adult rats in vivo, which is more clinically relevant because it can work throughout the CNS, the respiratory depression was unaffected by (ϩ)naloxone, but completely reversed by (Ϫ)naloxone. Finally, exogenous activation of TLR4 within the preBötC via local application of LPS had no effect on baseline respiratory rhythm, indicating that TLR4 activation had no acute effect on preBötC inspiratory activity in neonates in vitro. These data strongly suggest that glial TLR4 signaling does not contribute to the opioid-induced respiratory depression nor is it a candidate system for altered respiratory drive during infection.
Neither TLR4 Signaling Nor preBötC Microglia Contribute to Opioid Respiratory Depression
Opioids are used extensively for their analgesic properties but they have a variety of unwanted side effects, including tolerance, dependence, reward, and most significantly, they depress respiration (82) . Like analgesia, these side effects have historically been attributed to the actions of opioids on opioid receptors. However, analysis of opioid receptor-knockout mice revealed that opioids activate glia through mechanisms that are distinct from classical opioid receptors (14) , including TLR4. What is more, growing evidence suggests that opioid activation of glia via TLR4 opposes opioid analgesia and contributes to many opioid side effects (82), including opioidinduced reward (54, 77) , dependence (6, 9, 41, 81) , and withdrawal (23, 25, 26, 41) .
Although the majority of these negative side effects develop with prolonged exposure (days), respiratory depression occurs rapidly (minutes-hours) with the first exposure. Mechanisms underlying respiratory depression and other side effects may therefore differ. Even side effects that develop over time, such as tolerance and hyperalgesia, are produced via different signaling pathways (13) . Here we specifically examined the hypothesis that opioids act through TLR4 on microglia and contribute to respiratory depression (23) . This hypothesis is based on the observation that the respiratory depression evoked in rats by subcutaneous administration of morphine (10 mg/kg) is attenuated by preadministration of minocycline, an inhibitor of microglial activation (23) . The efficacy of minocycline may derive from its ability to block the TLR4-mediated activation of microglia by morphine. We examined this question because although the opioid-induced respiratory depression in the study by Hutchinson et al. (23) resulted from reductions in V T and frequency, the attenuation of the respiratory depression by minocycline was achieved via blockade of the opioid-induced reduction in V T . The morphine-induced respiratory frequency decrease was not affected by minocycline. In vivo, the major depressive effect on breathing of opioids in the brain is to reduce respiratory frequency (16, 48, 50) . Effects on V T can occur through central actions on motoneurons (20, 43) or premotoneurons (38, 50, 71) . Opioid-induced reductions in V T are also attributed to reductions in lung, chest-wall, or airway compliance (5, 67) via unknown mechanisms. Thus it is possible that the actions of minocycline were through indirect action on chest wall mechanics or pre/motoneuron excitability. Regardless of the mechanism underlying the changes in V T , the Relative Frequency Substance P 1st DAMGO 2nd DAMGO Fig. 4 . Microglia activation is not required for opioid-induced respiratory depression. A: group data illustrating the time course of the frequency response (relative to pre-DAMGO baseline) evoked by the second local application of DAMGO into the pre-Bötzinger Complex (preBötC) of time-control slices (closed circles; 50 M, 10 s, n ϭ 6) and a separate group of slices to which minocycline was bath-applied (closed squares; 500 ng/ml, n ϭ 6). B: group data illustrating the time course of the frequency response (relative to pre-DAMGO baseline) evoked by the first local application of DAMGO into the preBötC of control slices (closed circles; 50 M, 10 s, n ϭ 10) and slices from minocycline-pretreated neonatal rats (closed squares; 45 mg/kg, n ϭ 9). C: histogram showing (relative to baseline of 1.0) peak frequency evoked by SP and minimum frequency evoked by first and second applications of DAMGO in time-control slices, in slices before and during bath application of minocycline and in slices from animals injected (ip, first DAMGO application only) with minocycline. N.S., not significant.
observation that minocycline did not counteract the effects of opioids on frequency (23) raises the possibility that minocycline did not reverse the central depressant effects of opioids on respiratory rhythm-generating networks. Our data convincingly demonstrate that the TLR4-preBötC microglial signaling cascade is not involved in opioid-induced respiratory depression. First, minocycline had no effect on the ability of opioids to depress inspiratory rhythm in vitro, whether applied in a bath for 40 min or injected in vivo 18 and 1 h prior to slice preparation. There are two potential caveats. Minocycline measurements were limited to rhythmically active in vitro preparations to avoid potentially confounding effects of drug-induced changes in chest wall mechanics. Thus a potential effect of minocycline on microglia outside of the preBötC cannot be excluded. A role for microglia in mature networks also cannot be excluded because the morphology, number, and expression of cytokines and chemokines by microglia change significantly during development (68) . The opioid-induced respiratory depression also changes postnatally. Neonatal respiratory networks are more susceptible to depression (10, 37) , which may reflect developmental changes in the expression of opioid receptor subtypes in respiratory networks (36) and associated signaling pathways. Microglia may even influence the development of this response. Recurrent hypoxia during development, which can activate microglia (72) , increases the sensitivity of respiratory networks to opioid-mediated depression (52) . The specificity of minocycline as an inhibitor of microglial activation is also a potential concern. Since its initial use an inhibitor of microglial activation (86) , the mechanisms underlying its inhibition of microglia remain unknown, but numerous additional effects including potent anti-inflammatory, immunomodulatory, and neuroprotective actions have been documented (19, 32, 34, 46, 47, 56, 76, 84) . Although the high concentration of minocycline used here increases the potential for nonspecific actions, these are of minimal consequence in the context of this study because minocycline was without effect on the preBötC opioid-induced respiratory depression. The high concentration is in fact a strength of this study because it minimizes the possibility of a false negative result (i.e., that we missed an effect of minocycline by using a subthreshold concentration).
Second, in vitro application of two TLR4 antagonists, LPS-RS (via local injection) and (ϩ)naloxone (via bath application), had no effect on the respiratory depression produced in the preBötC either by local or bath application of DAMGO or fentanyl (bath-applied only). DAMGO and fentanyl both bind to the -opioid receptor. Both also bind TLR4 and have immunomodulatory effects (24) . Thus the observation that TLR4 inhibition with LPS-RS or (ϩ)naloxone had no effect on respiratory depression in vitro, whereas (Ϫ)naloxone completely reversed it, indicates that in this reduced preparation TLR4 does not contribute to the opioid-induced respiratory depression that is produced within the preBötC. Our rationale for using the rhythmic slice in these experiments was that it provides direct access to the preBötC network, which is a major site mediating the opioid-induced respiratory depression. Opioid-sensitive neurons in the preBötC are a significant contributor to the respiratory depression (3, 16, 17, 45, 51) . In fact, recent in vivo data suggest, at least in rat, that the preBötC is the primary site underlying respiratory depression (50) . Bilateral administration of (Ϫ)naloxone into the preBötC, but not other brain regions, via reverse microdialysis reverses the respiratory depression evoked by iv administration of morphine (50) .
A limitation of the rhythmic slice is that additional sites not contained in the slice may contribute to opioid-induced respiratory depression. As a result, our in vitro data do not exclude the possibility that TLR4 microglial signaling in other brain regions contributes to opioid-induced respiratory depression. Control, before fentanyl administration (top trace). Fentanyl (40 g/kg iv over 20 min) caused depression that stabilized ϳ8 min after administration at levels demonstrated in the second trace. Injection of (ϩ)naloxone (60 mg/kg iv) 10 min after fentanyl administration had no effect on depression of respiratory frequency and amplitude, as shown in the third trace taken 20 min after administration of (ϩ)naloxone. However, administration of (Ϫ)naloxone (0.6 mg/kg iv) rapidly blocked the fentanyl-induced respiratory depression, as indicated by the bottom trace taken 3 min after (Ϫ)naloxone. B: population data (n ϭ 6) showing the relative effects (compared to prefentanyl baseline levels that are normalized to 1.0) of fentanyl, (ϩ)naloxone (3-60 mg/kg), and (Ϫ)naloxone (in the continued presence of fentanyl) on respiratory frequency and tidal volume. *Significant difference compared with other two treatments (using one-way repeated measures ANOVA, Tukey's multiple comparison test).
Our in vivo data, however, address this limitation for TLR4. Under clinically relevant conditions in which drugs were applied iv to affect the entire CNS, the respiratory depression evoked by fentanyl was unaffected by (ϩ)naloxone, but rapidly and completely reversed by (Ϫ)naloxone. These data provide compelling evidence that TLR4 signaling does not contribute to the opioid-induced respiratory depression; the possibility remains that microglia outside of the preBötC slice are involved. The site in the brain at which opioids act to inhibit breathing is a critical question. Several sites in the brain that have a direct or indirect influence on the respiratory network, and are implicated in dyspnea in humans, express -opioid receptors, including higher brain centers such as the insula, thalamus, anterior cingulate cortex, cerebellum, periaqueductal gray, and prefrontal cortex (4, 60) . Mu-opioid receptors are also abundant throughout brainstem respiratory control centers (80, 85) , which are believed to be the main areas through which opioids act to depress breathing. Our in vitro data, in which local application of opioids into the preBötC reduced frequency, add to similar data supporting the view that opioid-sensitive neurons in the preBötC are a significant contributor to respiratory depression (3, 16, 17, 45, 51) . Consistent with this, recent in vivo data suggest in rat that the preBötC is a primary site contributing to respiratory depression (50) . However, there may be species differences; the preBötC appears much less important in mediating respiratory depression in goat and dog (35, 53) . Detailed discussion is beyond the scope of this study because our experiments were not designed to address this question and do not provide additional insight. The significant point is that block of TLR4 signaling throughout the CNS via iv administration of (ϩ)naloxone had no effect on respiratory depression evoked by iv administration of fentanyl, whereas (Ϫ)naloxone rapidly and completely reversed it.
Our data are consistent with the majority of literature suggesting that opioid-induced respiratory depression is primarily dependent on activation of -opioid receptors (60) . Most compelling among this large database are genetic studies in which knockout mice lacking the -opioid receptor display no analgesia or respiratory depression with morphine, reinforcing clinical observations that analgesic and respiratory effects of opioids are strongly linked (64) . These data also suggest that there is unlikely to be any clinical potential in using TLR4-selective antagonists [such as (ϩ) naloxone] in combination with opioids as a means of directly counteracting the respiratory depressant actions of opioids. However, the fact that (ϩ)naloxone can potentiate acute opioid analgesia (82) suggests that analgesia may be achieved with lower doses of opioid, indirectly reducing opioid-induced respiratory depression.
Acute TLR4 Activation in the preBötC Does Not Modulate Rhythm
For glial signaling to contribute to opioid-induced respiratory depression (23) , the proinflammatory mediators released from the opioid-activated TLR4-glial pathway would need to affect neuronal excitability on a relatively rapid time scale (i.e., in the order of minutes). It is well established that microglia play an important role in the long-term modulation of neural networks. TLR4 activation of microglia also influences neuronal networks in several CNS pathologies including Alzheimer's disease (49, 74) , ischemic stroke (1, 7), and chronic pain (15, 55) . Whereas the slow time scale required for activation of these effects is not consistent with the rapid onset of the opioid-induced respiratory depression, some microglial and inflammatory mediators operate on faster, more relevant time scales. The TLR4 transcriptional events that occur in the initiation of pathological pain and with acute inflammation occur within 4 h throughout the CNS including the lumbar spinal cord, brain stem, and forebrain (61) . TLR4-gated intracellular signaling pathways, such as Akt1, are turned on very rapidly as shown a in mouse macrophage cell line that stably expresses green fluorescent protein (GFP)-tagged Akt1. Under basal conditions, Akt1 is diffusely distributed in the cytosol, but within a minute of LPS application, the GFP fluorescence begins to redistribute to the cell membrane via a TLR4-dependent pathway (26) . Consistent with this rapid onset, inflammatory cytokines released in response to TLR4 activation inhibit hippocampal long-term potentiation on the time scale of minutes (12) . Similarly, microglial mediators TNF-␣, IL-1␤, and BDNF in the spinal cord enhance excitatory synaptic transmission, suppress inhibitory synaptic transmission (11, 33, 39) , and induce spinal long-term potentiation (42, 87, 88) (via TNF-␣ and BDNF), all on relatively short time scales. Thus glia-derived proinflammatory cytokines appear to affect information processing on a time scale sufficient to mediate at least part of the opioid-induced respiratory depression.
The activity of respiratory networks is also sensitive to inflammatory mediators, but the time course of these cascades has not been examined in a paradigm that would help assess whether microglia might contribute to the acute effects of opioids. Systemic LPS injection alters breathing frequency and minute ventilation 24 h after injection in unanesthetized Lewis rats (27) . Systemic LPS also decreases the hypoxic ventilatory response in a variety of animals (27) . These LPS-induced respiratory changes could reflect direct actions of inflammatory mediators on brainstem centers controlling frequency or indirect actions via sensory pathways. Central nervous system involvement is supported by the observation in neonatal rat that intratracheal endotoxin increases expression of proinflammatory cytokines in the caudal nucleus tractus solitarius and area postrema of the central respiratory network, and that these changes contribute to the blunting of the ventilatory response to hypoxia (2) . However, time scale is uncertain because inflammatory mediators were applied peripherally in these studies rather than directly into the CNS. Our data, however, suggest that TLR4 activation in the preBötC or brainstem does not have an acute effect on breathing. Microinjection of the TLR4 agonist LPS directly into the preBötC in vitro had no immediate effect on respiratory rhythm. We are confident in this negative conclusion because injection of the NK1R agonist SP into the same site produced a robust frequency increase, confirming injection into the preBötC. Thus whereas over long time scales it appears that LPS-induced inflammatory processes can modulate central respiratory network activity, possibly playing a role in the adaptive/plastic changes that occur in respiratory control during chronic disease, LPS-sensitive pathways do not acutely influence preBötC network activity.
In summary, our in vitro and in vivo data strongly suggest that the respiratory depression evoked by acute opioid administration does not involve TLR4 or preBötC microglia.
Whether chronic opioid activation of TLR4 signaling and/or microglia beyond the preBötC have longer-term effects on respiratory control is not known.
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